butyric-acid-methyl-ester, which is comparable to that of the PEDOT:PSS-based cells (7.48%). It demonstrates clearly that solution-processed MAM hole contact can be readily
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Introduction
Due to the rapid growth in demand for renewable energy, organic solar cells (OSCs) have attracted a significant interest due to their advantages of low cost, large area solutionfabrication processes. [1] [2] [3] [4] Apart from the significant progresses made in the synthesis of new organic donors and acceptors, much effort has also been devoted to develop suitable solution-processible hole extraction layer (HEL) and electron extraction layer (EEL) for enhancing charge extraction probability, and thereby improvement of the power conversion efficiency (PCE) of the OSCs. Until now, poly (3,4-ethylenedioxylenethiophene) : polystyrene sulfonate (PEDOT:PSS) is one of the widely used hole contact materials for application in solution processed OSCs. [4] However, a PEDOT:PSS HEL is coated using a highly acidic aqueous suspension, which results in corrosion of the indium tin oxide (ITO) electrode. Its high hydroscopic property also leads to the encroachment of the moisture in the active layer, accelerating the cell degradation. [5] [6] [7] Thus, much research has been focused on exploring chemical stable and process compatible hole contact materials to replace PEDOT:PSS for efficient operation of OSCs.
Development of solution-processed transition metal oxide, such as WO 3 , V 2 O 5 and MoO 3 , based hole contact or HEL has attracted a lot of research interests, due to easy synthesis, and cost-effective solution fabrication process. [8] [9] [10] [11] In particular, thin film of solution processable molybdenum trioxide (s-MoO 3 ) is a very promising hole transporting material. It is nontoxicity and has a suitable high work function of 5.5 eV-6.7 eV for efficient hole extraction. [12] [13] [14] Thin film of MoO 3 can be prepared through thermal evaporation and solution fabrication routes. However, the vacuum sublimation method is not compatible with the low-cost solution fabrication process for large area OSCs. Recently, a variety of techniques has been applied to develop the solution-processed MoO 3 interlayer, due to its low-cost scalable fabrication process for large area OSC modules. In comparison with the M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 3 evaporated MoO 3 HEL, the use of the pristine s-MoO 3 HEL in OSCs often associates with the increase in undesired charge recombination, misalignment of energy levels at the ITO/HEL interface, high leakage current, and poor cell performance, caused by its high surface defect density and relatively poor charge transporting properties. [15] In this work, we report the development of a versatile solution-processed molybdenum trioxide (s-MoO 3 )/Au nanoparticles (NPs)/s-MoO 3 (MAM) hole contact for application in high efficiency OSCs. The MAM hole contact was prepared by layer-by-layer solutionfabrication process. The use of the Au NPs is to improve the adhesion between the two sMoO 3 layers in the MAM HEL. Compared to a conventional MoO 3 -based HEL, [15] it reveals clearly that the use of the MAM HEL promotes an improved contact quality at the ITO/HEL interface and also facilitates an efficient charge extraction probability, enabled by the suppression of bimolecular recombination and a reduction in leakage current in the OSCs.
The combination of these advantages contributes to a substantial enhancement in the short circuit current density (J SC ) and fill factor (FF), leading to >14% enhancement in PCE of the OSCs.
Experiment
Materials and preparation
Au NPs with a diameter of 15 nm in stabilized suspension were purchased from SigmaAldrich and were used as received. Poly[ [4,8- 
(PTB7) (1 Material), the donor, and [6, 6] -phenyl-C 70 -butyric-acid-methyl-ester (PC 70 BM) (Nano C), the acceptor, were blended in a weight ratio of 1:1. 
Results and discussion
The morphology of the MAM interlayer was analysed using scanning electron microscopy (SEM) and atomic force microscopy (AFM) measurements. SEM image measured for the surface of the MAM layer on ITO is shown in Fig. 1 The J-V characteristics measured for a set of structurally identical OSCs with different anode contacts are plotted in Fig. 3(a) . V m in Fig. 3 Apart from the reduced leakage current and improved electron blocking perspectives, the effect of incorporating MAM hole contact on charge extraction probability and charge recombination process, playing an important role in determining the performance of OSCs, [26, 27] which is essentially a measure of an overall loss in the photo-excited charges at a given V eff .
[28] The charge extraction efficiency P can be expressed by: [29] , ( , ) ( , ) ( )
where I is the intensity of incident light. At a given light intensity, P in eq. (1) approaches to unit at a high V eff , corresponding to the complete collection of the photo-generated charges. [30] In this regime, recombination is negligible. The J ph −V eff plots, shown in Fig. 5 , indicate that high V eff or high internal potential across the active layer in the cells assists in the photo-generated charge carriers being swept out efficiently prior to recombination, therefore giving rise to an almost 100% collection of the photo-generated charges. When V eff in the cell decreases, the photo-generated charge carriers cannot be extracted effectively due to the increase in the charge recombination losses, leading to a poor charge collection M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 10 probability. The recombination process becomes increasingly important in charge extraction at low V eff , as P decreases with V eff . At the low V eff range, the photo-generated charge carriers cannot be extracted effectively due to the increase in the charge recombination losses, leading to a poor charge collection probability.
As shown in Fig. 5 , J ph has a linear dependence on the voltage at a low V eff (<0.2 V) for all devices, and saturates towards J sat at high V eff (>1.0 V). In a low V eff region, the number of extracted photo-generated carriers decreases due to the increase in the charge recombination. by: [31, 32] M A N U S C R I P T
where β is the exciton dissociation probability, the exponent α, in eq. Langevin recombination. [37, 38] The less steeper slope of V OC −ln(I) plot measured for OSCs with an MAM hole contact also suggests that the loss to the trap-assisted recombination process is less significant as compared to that in the control cell with an s-MoO 3 HEL.
Conclusions
In summary, it is demonstrated that the solution-processed MAM HEL is superior to the MAM hole contact enables to enhance the charge extraction and reduce the leakage current by improvement of contact property.
